The development of MEMS actuators is rapidly evolving and continuously new progress in terms of efficiency, power and force output is reported. Pneumatic and hydraulic are an interesting class of microactuators that are easily overlooked. Despite the 20 years of research, and hundreds of publications on this topic, these actuators are only popular in microfluidic systems. In other MEMS applications, pneumatic and hydraulic actuators are rare in comparison with electrostatic, thermal or piezo-electric actuators. However, several studies have shown that hydraulic and pneumatic actuators deliver among the highest force and power densities at microscale. It is believed that this asset is particularly important in modern industrial and medical microsystems, and therefore, pneumatic and hydraulic actuators could start playing an increasingly important role. This paper shows an in-depth overview of the developments in this field ranging from the classic inflatable membrane actuators to more complex piston-cylinder and drag-based microdevices.
Introduction
New industrial and medical applications require inexpensive microactuators with a high force and power density [1] [2] [3] . During the last decades, it was believed that electrostatic and electromagnetic microactuators would fulfil these needs. However, recent research revealed that fluidic microactuators develop higher power and force densities at the microscale. Despite these promising properties, pneumatic and hydraulic actuators are still often overlooked in MEMS (micro electro mechanical systems) where electrostatic, thermal and piezoelectric actuators are more common. Over the last 20 years, numerous fluidic actuators have been developed, mainly for application in μfluidics and μTAS (micro total analysis systems).
Due to scale laws and production limitations, fluidic microactuators often strongly differ from the large-scale piston-cylinder actuators that are used in classic mechanical systems such as the piston-cylinder actuators used in automation and equipment for roadwork. At small scale, especially inflatable membranes and balloon actuators are used due to their compatibility with lithographic processing. However, also piston-cylinder actuators have been scaled down to pistons with a cross section of 2 by 6 μm 2 using lithography [4] . Furthermore, new fluidic actuation principles based on drag, surface tension and electrowetting have been developed as well as complex fluidic systems featuring large arrays of actuators with integrated micropumps, valves, sensors and control mechanisms. The aim of this paper is to give a clear overview of the developments in this field over the last 20 years.
The state of the art of pneumatic and hydraulic microactuators, which will be discussed in what follows, shows that fluidic microactuators naturally separate into three major types of devices.
• Elastic fluidic actuators: elastic or flexible actuators comprise at least one component that deforms elastically under the applied pressure. Elastic fluidic actuators are by far the most common in the MEMS community since they are relatively easy to fabricate and do not have any leakage issues. (1) Reprinted with permission from [10] . (2) Reprinted with permission from [26] . (3) Reprinted with permission from [31] , (© 2002 IEEE) . (4) Reprinted from [52] , copyright (2001), with permission from Elsevier. (5) Reprinted from [62] , copyright (2007), with permission from Elsevier. (6) Reprinted with permission from [50] . (7) Reprinted with permission from [71] , (© 1997 IEEE) . (8) Reprinted from [72] , copyright (2002), with permission from Elsevier. (9) Reprinted from [73] , copyright (2006), with permission from Elsevier. (10) Reprinted from [94] , copyright (2008), with permission from Elsevier. (11) Reprinted from [95] , (12) Reprinted from [88] .
• Piston-cylinder fluidic actuators: Piston-cylinder actuators are by far the most common in large-scale actuators because they can develop high actuation forces and strokes. Nevertheless, these actuators are relatively rare in microsystems, mainly because they require low friction microseals which are challenging to fabricate.
• Drag-based fluidic actuators: the last class of hydraulic actuators is exploiting the drag force exerted by flowing liquids. This viscous force is usually used for both driving and bearing the actuator, hereby resulting in a smooth actuation motion. Nevertheless, the actuation force of these actuators is usually low in comparison with the former two actuator configurations.
In what follows a more detailed description of the state of the art of each of these three types of actuators will be presented.
Elastic actuators
Elastic actuators essentially consist of any type of membrane or other elastic component that expands under an applied pressure. Since these actuators have no sliding parts, they have nearly no friction, wear and sealing issues. Therefore, this actuation principle has been widely applied in the microfluidics community [1] . This popularity is also due to their relatively straightforward fabrication process. Over the years, different implementations of elastic actuators emerged, which we classified into membrane, balloon, bellows and artificial muscle actuators as illustrated in figure 1. Note that in this review, we only discuss elastic actuators driven by pressurized fluids. For membranes actuated by other means, such as electrostatic and piezoelectric actuators, we refer to a review by Kwang et al [5] .
Membrane actuators
Membrane actuators are by far the most widely applied fluidic actuators at microscale. They consist of a flat or corrugated membrane that is deflected by the driving pressure. This deflection is often used to grasp objects [6, 7] or as active element in micropumps, valves or mixers (figure 1(1)) [1, [8] [9] [10] . Alternatively, they are often applied in lab-on-achip devices for sorting and trapping cells [11] [12] [13] [14] [15] . Due to the ease of fabricating these actuators with basic silicon processing, reports on these actuators and their integration in MEMS were already published in the 1980s [16, 17] . The main limitation of membrane actuators is however their limited stroke. Therefore, several researchers published on corrugated membrane designs to enhance the stroke of these actuators. Ding et al describes a boron-doped corrugated diaphragm of 3 μm thickness and 1 mm side that achieved 33 μm stroke at 101 kPa while a planar membrane with the same dimensions only achieved 18 μm [18] . Similar results were reported for a corrugated polyimide diaphragm [19] . More recently, corrugated polysilicon membranes with integrated microheaters have been integrated in micropumps [20] . Almost simultaneously with these developments on corrugated membranes, publications showed how flexible silicone rubber membranes can be combined with silicon micromachining [21, 22] . A major advantage of this approach is the low Young's modulus (750 kPa [1] ) of these materials which therefore accommodate large strokes at low driving pressures. Vieider et al developed membranes of 125 by 225 μm 2 to operate at 500 kPa with a theoretical deflection of about 10 μm [21] .
A second, important development that boosted the popularity of silicone rubber membrane actuators was the development of techniques to fabricate these actuators together with entire microfluidic systems using only soft lithography as described by Unger et al [1] . This group described how valves, pumps and micromixers can be made entirely out of a multi-layer stack of silicone rubber, resulting in cheap, biocompatible devices. The authors developed square membranes of 100 by 100 by 30 μm 2 which generate 1 mN at 100 kPa and showed response times in the order of 1 ms. A peristaltic pump driven by three of these actuators achieved pumping rates up to 2.35 nl s −1 at 75 Hz. Finally, they showed the possibility of having high device densities, up to 30 devices per square millimetre. This latter property is extensively shown in more recent publications where these actuators are integrated in massive arrays for fluid control [10] and mixing [23] or fluidic devices with tunable channel topographies [24] . For instance, systems counting up to 256 valves [8] and fluidic memory devices counting 3574 valves [25] have been developed. Moraes et al developed Braille displays with large arrays of PDMS membrane actuators (figure 1(2) [26] ). The latter devices have a radius ranging from 250 μm to 700 μm and achieved strokes of 2-84 μm respectively at 6 kPa. Similar devices have been used by the same group for high-throughput screening of biomaterials [27, 28] . Finally, Hoffman et al fabricated a tunable mould using inflatable PDMS membrane actuators [29] . This approach allows us to fabricate cheap moulds that can be reconfigured pneumatically. In this device, several trenches with a width of 50-300 μm and a typical thickness of 14 μm were integrated in the mould. At a pressure of 25 kPa, the mould can locally expand more than 100 μm and adopt 3D shapes.
Besides this trend showing enhanced reproducibility and reliability, newly developed membrane actuators are often applied in innovative applications such as microoptics [30] , or show increased functionality such as new types of integrated pumps or valves. For instance, membrane actuators driven by osmotic pumps were reported by Su et al [31] ( figure 1(3) ). Using a saturated water solution of sodium chlorite as an osmotic driving agent, pressure differences of 35.6 MPa were achieved, resulting in strokes of more than 800 μm. Yoshida et al proposed to integrate valves based on electrorheologic fluids in a parylene membrane actuator and applied these devices successfully in a microgripper [6] . Also several designs where the driving pressure is generated by melting paraffin have been proposed [32] . Carlen et al reported on such a device fabricated entirely by surface micromachining. A 10 μm thick paraffin layer was encapsulated in a 3 μm layer of parylene-C and achieved deflections of 3 μm in 20 ms using less than 50 mW heating power [32] . Later on, several other paraffin actuators were presented by Carlen et al [33] , Boden et al [34] and Lee et al [35, 36] . Further, latchable devices based on paraffin are developed [37] [38] [39] , as well as latchable devices based on low melting alloys such as galinstan [40] . A gas/liquid thermal pressure generator based on fluorinert in combination with silicon rubber membranes was proposed by Yang et al [41, 42] . This device achieved pressures of 48 kPa at 0.94 W, resulting in a deflection of 860 μm, and was successfully integrated in a microvalve [43] . Similar devices based on the evaporation of freon were developed by Chaney et al [44] . Van den Broek et al [45] developed a 1 μm thick silicon nitride membrane actuated by heating a thin ethanol layer to temperatures near the critical point. Nucleated bubbles with a high internal pressure are formed and can drive the membrane at more than 1 kHz. 250 by 250 μm 2 membranes achieved speeds above 1 m s
and strokes up to 3 μm. Briand et al [46] developed a similar membrane actuator driven by the combustion of a solid propellant for space applications. The device comprises a platinum thermal igniter, and a membrane made out of PDMS, that was inflated within milliseconds. Using Peltier elements that can both cool and heat, bistable thermopneumatic devices have been developed that achieved strokes of 41 μm and operation frequencies of 3.8 Hz [47] . Finally, researchers at UCLA developed a microgripper by fabricating curly fingers on an 'oxide-on-latex' membrane [7] . Latex was used instead of PDMS because of its higher permeability. The devices are fabricated by lithography and have an average diameter of 900 μm. The gripper was able to capture microobjects successfully at a driving pressure of 69 kPa. Other fluidic actuation principles have been reported, for instance, by generating bubbles under a cantilever [48] . The main difference with the above actuators is that the bubble is not contained in a cylinder or elastic membrane. An advantage of this approach is the ease of fabrication and especially the possibility of evacuating bubbles rapidly; however, the force generation is lower.
Balloon actuators
A second class of elastic actuators, that is similar to membrane actuators, are the balloon actuators shown in figures 1(4)- (6) . Usually, these actuators rely on a 3D balloon, to generate a bending motion. One of the first actuators of this kind was inspired by the operation of spider legs. This biological actuation is based on small balloons located in the joints of the spider that can be inflated in order to stretch their legs. Although this hydraulic operation of spider legs was already described in 1959 by Parry et al [49] , it took until 1998 before it was translated into a MEMS device, probably due to the complicated 3D shape of these actuators (see figure 1(6)) [50] . These first MEMS balloon actuators have a diameter of 1 mm, a length of 6 mm and are fabricated by μEDM (micro-electrodischarge-machining [51] ), silicone rubber casting and blow moulding of PVC. Bending angles of 40
• were achieved and bending moments of 20 μNm at a driving pressure of 1000 hPa. Konishi et al fabricated similar devices using a lithographic approach and added multiple actuated joints series ( figure 1(4) ) [52] . The actuators consist of a 200 μm thick silicone rubber foil that is bonded to a polyimide foil of 50 μm. The area of the balloon is relatively large (16 by 16 mm 2 and 5 by 2 mm 2 ). The polyimide film is reinforced by silicon ribs with a thickness of 525 μm in order to control the bending direction of the actuator. Forces up to 0.05 N and strokes up to 4.5 mm were achieved with pressurized air at 20 kPa. The maximum actuation speed is 5 mm s −1 at a driving frequency of 2 Hz. These actuators have been used successfully in a conveyance system.
Balloon actuators have also been applied in several microgrippers based on finger-like actuators [53] [54] [55] [56] [57] . For instance Jeong et al developed microgrippers entirely out of PDMS using two layers with different stiffnesses in order to induce a bending motion upon pressurization. Each finger is 0.8 mm wide and 7 mm long and achieved bending angles of about 130
• at 200 kPa [53, 54] . A microhand developed by Lu et al has a 1 mm fist diameter and is driven by parylene balloons (146 by 418 by 30 μm 3 ) located in the finger joints [56] . This device was used to manipulate capelin eggs, without damaging them, and can be operated at pressures of 800 kPa without failure. Finally, Yoshida et al reported on a PDMS microgripper with integrated SU8 microvalves based on electro-rheologic fluids [57] . This device was tested at pressures up to 100 kPa and achieved strokes of 100 μm. Recent publications by the same group have also shown that micropumps based on electro-conjugated fluids can be integrated successfully into bending balloon microactuators [61, 62] . Other bending actuators have been realized by combining several inflatable balloons in one elastic structure [58] [59] [60] or by fabricating asymmetric balloon geometries (see figure 1(5)) [61] [62] [63] . For instance, Suzumori et al developed an interesting balloon actuator with three chambers [58, 59] . Prototypes with diameters down to 1 mm have been fabricated. An actuator with a diameter of 4 mm and a length of 20 mm is able to generate a stroke of 6.5 mm, a linear force of 0.15 N and a stretching force of 1.3 N at a driving pressure of 400 kPa. The same group also applied similar actuators in microgrippers [64] .
Another important field of application for balloon actuators is medical tools. A five degree of freedom flexible neuromanipulator driven by hydraulic balloon actuators has been described by Okayasu et al [65] . This review is particularly interesting since it shows that hydraulic actuation can potentially be applied in delicate medical interventions such as neurosurgery. The authors report that a certain amount of hydraulic fluid is leaking at the joints of the manipulator, but that this leakage is non-detrimental since the actuator is driven by physiological water [65] . The operation of the manipulator was validated by using it to handle brain tissue of an anesthetized pig. A second medical tool using fluidic actuators was developed by Ruzzu et al [66] . This device uses three balloon actuators that allow fixing and orienting a catheter tip in a vessel. The device comprises integrated thermopneumatic valves operating at pressures up to 20 kPa. In vitro tests showed displacements of 0.5 mm and deflections of 5
• at the catheter tip. A third balloon bending actuator used in medicine was developed by Watanabe et al [67] . This tool consists of two layers each with their own balloon actuator, one for rolling up and one for bending. Dimensions of the tool are 3 by 3 by 0.100 mm 3 and in vitro test shows that a force of 3 mN can be generated by the bending actuator. In vivo test results show that the tool can be inserted into a ∅2 mm needle by the rolling up motion. Pang et al designed a balloon actuator for actuating neural probes [68] . These actuators consist of parylene balloon that surrounds a silicon spring made by DRIE. The balloon was actuated successfully by an integrated electrolysis-based pump; however, no in vivo tests have been reported yet.
Finally, pneumatic inflation of carbon nanotube sheets has been observed [69, 70] . These devices are driven electrochemically and achieved remarkable strains up to 300% due to internally generated gases. These devices offer a promising opportunity to push pneumatic actuation towards nanotechnology.
Bellows actuators
Bellows-type actuators are similar to membrane actuators but comprise a folded geometry that focuses the expansion in one direction rather than the nearly isotropic expansion of the balloons used in previous devices. In comparison with membrane actuators, the main advantage of bellow type actuators is their increased stroke for the same footprint [71] . A drawback of these devices is that the production process is slightly more complicated. One of the first and most interesting bellows designs was proposed by Yang et al in 1997 (figure 1(7)) [71] . These devices have diameters down to 400 μm and are fabricated by surface micromachining using stacks of silicon oxide and nitride, alternated with polysilicon as a sacrificial layer. These actuators have been operated at pressures of 900 kPa, and strokes of 27 μm were achieved using an integrated thermopneumatic pump. A simplified two-dimensional bellows is described in [72] . These bellows are fabricated by RIE in a silicon (Si) wafer, resulting in the structure shown in figure 1 (8) . Afterwards, two pyrex glass plates are anodically bonded to the bellows. In order to allow the actuator to move between the pyrex plates, a small gap of approximately 10 μm is provided between the bellows and the pyrex plates. This gap will intrinsically yield a certain leakage of driving fluid, which is not measured in this review. Each bellows is 6.6 by 5 by 1.5 mm 3 . At 12 kPa, displacements of 600 μm and forces up to 10 mN have been achieved. The actuator has been actuated at frequencies up to 150 Hz. A more recent publication by Kang et al [73] discusses the development of a MEMS gripper driven by 3D bellows microactuators. The bellows are fabricated by microstereolithography and have a typical outside diameter of about 2 mm. The main advantage of this production technology is that it allows us to fabricate 3D microstructures relatively easily.
By making non-symmetric bellows structures, it is also possible to fabricate bending actuators. Displacements up to 300 μm are achieved at a driving force of 600 kPa for one single fold.
Bellows-type microactuators have also been applied in a number of interesting medical applications such as active catherders, foreceps and others as described in a review by De Greef et al [74] . An active catheter driven by hydraulic bellows actuators has been presented by Ikuta et al [75] . The bellows are made from silicone rubber and driven by pressurized saline. The system was equipped with band pass valves that allowed us to use the catheter successfully with only one pressure line. A second interesting catheter design is presented by Haga et al [76] . These devices are made of a Ti-Ni super elastic alloy tube by laser micromachining and is covered by a silicone rubber for sealing. The device is filled with water and actuated by pumping out the water. Due to an asymmetric design of the Ti-Ni skeleton, the catheters can achieve high bending angles when pumped down. The devices have a diameter of 0.94 mm and 0.47 mm, and achieved bending angles of 140
• at negative pressures of 80 kPa. Finally, a similar hydraulically driven forceps was developed for use in minimally invasive surgery by Lazeroms et al [77] .
Research on bellows actuators also shows a trend towards higher integration. For instance, a recent paper by Kim et al presents a bellows actuator with an integrated flexible microvalve fabricated out of SU8 [78] . The same group developed a micropress driven by a hydraulic bellows for use in a microfactory [79] . This device comprises a resonantly driven piezoelectric micropump, a bellows actuator and the press itself. The bellows has a spring constant of 4.6 kN m −1 that delivers a punching force of 1.85 N at a driving pressure of 200 kPa. This setup was used to punch micro-holes in metal sheets.
Artificial muscles
A number of actuator configurations have been developed that unlike the actuators described above generate a contraction upon pressurization. These devices typically consist of a flexible balloon with embedded fibres or other structures that transform the expansion of the balloon in a contraction force. Because the operation of these actuators is similar to that of biological muscles, they are often referred to as artificial muscles. Another interesting difference from other flexible actuators is that the stroke of artificial muscles has an upper limit which is never exceeded independent of the driving pressure [74] . For a more detailed definition of artificial muscle actuators and an overview of large-scale artificial muscles, we refer to a review by Daerden et al [80] and Hirai et al [81] . Some of these actuators have been reduced to millimetre-scale devices and will be discussed in what follows, but because of their relatively complex geometry, few truly microsized artificial muscles have been reported.
One of the most popular pneumatic artificial muscles is McKibben actuators. McKibben actuators are artificial muscles that are well known in large-scale robotics since their force-stroke characteristics are similar to that of biological muscles [82, 83] . These actuators consist of an expandable bladder inside a tubular mesh made of relatively inelastic fibers (see figure 1 (9)). When a pressure is applied to the actuator, its diameter will increase and the length will shorten. It is this contraction that is used for actuation purposes. One of the smallest reported McKibben actuators has an outside diameter of 1.5 mm and a length of 22 mm [84, 95] . These actuators are able to achieve forces of 6 N and strains up to about 15% at a supply pressure of 1 MPa. The maximal actuation speed was 350 mm s −1 . Interestingly, positioning experiments with a laser interferometer and a PI controller showed that these actuators are able to achieve sub-micron positioning resolution. While the above actuator was developed for medical applications, similar actuators have for instance been used in miniature robots for military scouting purposes [85, 86] . The latter robot was powered by lithium batteries that drive a commercial electromagnetic motor. This motor is coupled to a compressor that supplies compressed air to McKibben actuators in the legs of the robot. The actuators are approximately 25 mm long and have a diameter of about 3 mm. No details are provided on the performance of the actuators. Wakimoto et al developed a McKibben actuator with an integrated position sensor [87] . The latter consists of a rubber substrate on which a carbon-based conductive film is deposited. In comparison with more traditional position sensors, this approach is more compact, lighter and allows us to make optimal use of the compliancy of McKibben actuators. Using a PI controller, a position accuracy up to 1 mm was achieved using the integrated sensor. Moers et al [88] and Lee et al [89] reported on small high pressure valves that can be integrated in these actuators ( figure 1(12) ). Finally, the company Shadow robots [90] and Lee et al [91] developed hand prostheses with a high number of degrees of freedom driven by McKibben robots, and a patent describing a multiple degree of freedom boroscope and endoscope using these artificial muscles was already filed in 1987 [92] .
Besides McKibben actuators, other fluidic artificial micromuscles have been reported by researchers at the Tokyo Institute of Technology. This design consists of a silicon tube reinforced with aramid fibers as shown in figure 1(11) [93, 94] . The tube has a thickness of 35 μm and contracts upon pressurization. The actuator was equipped by a PD controller, which allows us to control the contraction of the actuator very accurately. Strains of more than 0.2 are achieved at a supply pressure of 10 kPa and forces of 0.16 N are achieved at a supply pressure of 8 kPa. An interesting aspect of this research is that a micropump based on electro-conjugated fluids was integrated into the artificial muscle cell and successfully used to drive the actuators. These actuators are conceived as modular cells that can be assembled in series or parallel to achieve the desired overall actuation properties.
Piston-cylinder fluidic microactuators
The flexible actuators described above benefit from several advantages such as a relatively simple fabrication process, leak-tight operation, high positioning accuracy and a [116] . (8) Reprinted with permission from [60] . (9) Reprinted with permission from [113] with permission from Elsevier. (10) Reprinted from [95] . (11) Reprinted from [122] , copyright (2008), with permission from Elsevier. (12) Reprinted with permission from [119] . (13) Reprinted with permission from [125] . (14) Reprinted with permission from [133] . (15) Reprinted from [4] , copyright (1995), with permission from SPIE. (16) Reprinted from [95, 131] . (17) Reprinted from [128] , copyright (2002), with permission from Elsevier. (18) Reprinted from [136] .
good compatibility with standard and soft lithography. Nevertheless, the use of elastic membranes yields some disadvantages as well. In order to achieve high strokes, thin compliant membranes are needed, which yield low burst pressures and therefore low actuation forces. On the other hand, high output forces require high pressures and therefore more robust membranes. However, the stiffness of these membranes will consume part of the force output. This also results in a stroke-dependent force-pressure relationship.
In large-scale mechanics, these disadvantages have long been overcome by using piston-cylinder actuators. These actuators consist of a piston that can slide freely in a cylinder and can be pushed in two directions depending on which side of the piston is pressurized. In the case of the piston shown in the top of figure 2, a pressure applied on port 1 will push the piston out of the cylinder, while pressurizing port 2 pulls the piston back. Piston-cylinder actuators can combine large strokes with high actuation forces and velocities. However, these devices require sealing technologies to prevent the driving fluid leaking out of the actuator. To date, relatively little research has been performed on the development of such seals, especially good seal designs that are compatible with lithographic processes are rare. In what follows, we will give an overview of the existing piston-cylinder microactuators based on their seal technology as sketched in figure 2.
Clearance seals
Clearance seals, also referred to as restriction seals, are based on the fact that the leakage between a rod and an orifice can be kept very low if a small clearance is maintained between both components over a certain length. A first advantage of restriction seals is that the rod and the orifice do not need to touch for the operation of the seal. Therefore, the friction generated by these seals is lower than that of rubber O-rings which need to be pressed on the rod (see further). A second important advantage of restriction seals is that a trade-off can be made between the fabrication accuracy and leakage of the actuator. For instance, in several medical applications a certain amount of leakage is not problematic if the actuator is driven by physiological water [65] . Consequently, clearances of a few micrometers between the piston and the orifice are sufficient.
In other applications however, tight production tolerances are needed in order to control the amount of leakage. A more theoretical discussion on the dimensioning of clearance seals can be found in [3, 95, 96] . Figure 2 (1) illustrates a miniature hydraulic actuator with clearance seals fabricated by micro-milling, turning and μEDM [3] . These actuators have an outside diameter of 1.2-1.5 mm, a piston diameter of 1 mm and can generate forces up to 1 N at a supply pressure of 1.5 MPa. Actuation speeds of more than 1 m s −1 were measured repeatedly [97] . The same group compared methods for fabricating these seals based on SU8, DRIE, DPL, μEDM and micromilling [3, 95] and integrated a position sensor into these actuators [97] . Using this inductive position sensor and a sliding mode controller, position accuracies better than 30 μm are achieved [97] . Zhu et al reported on arrays of larger clearance sealed actuators with integrated capacitive sensors and valves. These devices achieved position errors less than 0.8 mm [98] . A much smaller clearance sealed actuator fabricated out of tungsten carbide by μEDM and grinding was also reported [95] . This device has an outside diameter of 125 μm, a piston diameter of 45 μm and was tested with both water and air as driving fluid. The estimated actuation force was 2 mN at 1.6 MPa [95] . Norton et al reported a similar, but slightly larger actuator consisting of a diced hypodermic needle with an inside diameter of 152 μm and a tungsten piston with a diameter of 127 μm [99] . At a driving pressure of 207 kPa, actuation forces up to 2.6 mN are achieved. This actuator was equipped with an integrated pump based on the deflagration of sodium azide. Using this compact, integrated pump, forces up to 64 mN are reported.
The above actuators are based on piece-wise production techniques that are often time consuming and less scalable than lithographic approaches. Gebhart et al published one of the first reports on piston-type hydraulic microactuator fabricated partially by lithography [100] . This device consists of a waterbased actuator with an integrated valve that was developed to cut arterial plaque (see figure 2(2) ). All the components are fabricated by LIGA and laser drilling. The valve is a fluidic oscillator based on the Coanda effect [100] , which converts an upstream constant pressure into an oscillating downstream one. This valve was able to generate pressure differences of 28.5 kPa at a supply pressure of 250 kPa. A rectangular piston of 1 by 0.45 by 0.25 mm 3 was connected to the valve, which should theoretically allow generating forces of about 3 mN. The way to connect the piston to the scraper for arterial plaque and in vivo tests is not discussed; however, it should be noted that the developed valve is not limited to pistoncylinder actuators but can also be used to drive elastic or other types of fluidic microactuators. Norton et al [99] described actuators with cylinders fabricated by KOH etching and pistons made by electroplating and CMP. However, this fabrication process has not been completed yet, and no operating device was shown. De Volder et al reported on actuators fabricated using in situ polymerization of a polymer piston in KOHetched trenches and low temperature bonding (see figure 2(5) ). These actuators have an active cross section of 0.15 mm 2 and achieved forces of 0.1 N at a driving pressure of 1.6 MPa using both pressurized air and water as the driving fluid. The stroke of the actuators was 750 μm [101, 102] . The same group also developed smaller actuators made entirely out of SU8 that achieved forces of 30 mN (figure 2(6)) [103] . Deshmukh et al developed a piston-cylinder using DRIE on a SOI wafer [104] [105] [106] . These pistons were used as a fluidic micromixer, and therefore no information was found on the actuation force (see figure 2(3) ). A power-MEMS device based on a combustion engine was developed by Park et al [107] . The piston is 1.98 by 2 by 1 mm 3 with a clearance of 10 μm between the piston and cylinder, which accommodates an 8 mm stroke. A fuel supply and a spark plug were integrated in the system, which was used to experimentally show the feasibility of the combustion engine.
Finally, piston-cylinder actuators have been fabricated by in situ polymerization of polymers [108] and paraffin wax [109] inside capillary glass tubes of typically 100 μm. The former were applied in valves that can operate at pressures as high as 34 MPa and can be actuated in milliseconds.
Contact seals
Contact seals such as rubber O-rings and lipseals are by far the most common seals in large-scale hydraulic systems and are applied in millimetre scale commercial pneumatic actuators [110, 111] . However, since these elastic rings typically need to be pressed on the piston to seal properly, they often cause friction problems, especially at microscale. Peirs et al [60, 112, 113] developed a millimetre scale self-propelling endoscope comprising three single acting hydraulic actuators connected to a small platform (see figure 2(9) ). Depending on the driving signal applied to each actuator, the platform can generate one translation and two rotation degrees of freedom. The pistons are fabricated by grinding and μEDM and are sealed by two rubber O-rings. The actuators can move the platform with a stroke of 10 mm and rotations up to 35
• . The theoretical actuation force is 3.5 N per leg at a pressure of 1 MPa. The main limitation of this actuator is friction. The static friction force ranges from 0.4 to 0.9 N and the dynamic friction is about 0.3-0.4 N. The same authors developed a gripper for minimally invasive surgery that is also driven by a hydraulic actuator and sealed by a rubber O-ring (see figure 2(8) ) [60, 114] . The device has a diameter of 5 mm and a length of 15 mm. The gripper can generate forces up to 2 N at a supply pressure of 400 kPa and was equipped with an integrated hall sensor for position measurement.
Although O-rings are often used in miniaturized actuators, they have the disadvantage that the seal is pushed away from the piston rod as the actuating pressure increases [115] . As a result, a high pre-load of the seal is necessary, implying high friction at low applied pressures. A more advanced contact seal commonly applied in large cylinders is the U-seal also referred to as lipseal (see sketch in figure 2). U-seals comprise a flexible lip that is pushed onto the piston rod by the actuating pressure. This way, the pre-load of the seal on the rod is proportional to the applied pressure. This ensures good sealing behaviour at high pressures. At KULeuven, a microsized lipseal was developed for piston diameters of 300 μm [116] . The actuator itself is fabricated by μEDM and micromilling, while the seals are fabricated batchwise by a PDMS moulding process with an RIE release step. Actuators with an active piston diameter of 1 mm generated forces up to 1.2 N at 1.6 MPa with limited leakage and friction. The stroke of the actuator was 8 mm.
Hermetic seals
Both clearance and contact seals are never entirely leak tight. This limitation can be overcome by hermetic seals, also referred to as foil or membrane seals. These are seals in which a continuous solid barrier such as a rolling diaphragm is used to isolate the driving fluid. Hermetic seals have the advantage of eliminating the frictional contact between the piston and the cylinder and weaken the required production tolerances and surface quality 1 . Binnard et al [115] were among the first to suggest the use of rolling diaphragm seals in miniature pneumatic actuators. Their design is still relatively large, but yielded good results for application in small walking robots. Interestingly, the authors also compared the force and power output of these pneumatic actuators to a commercial electromagnetic motor and found a 440% increase in force per weight and a 1400% increase in power per weight output using self-made hermetic pneumatic systems. Figure 2(10) shows a much smaller version of these actuators developed by De Volder et al [95, 117, 118] . In this design, one end of the cylindrical foil is glued to the cylinder while the other extremity of the foil is glued to the piston. This way, the pressurized fluid in the cylinder cannot leak to the outside world. This foil is thin and can therefore be folded up lengthwise similar to a bellows. In order to prevent this thin foil from bursting under the applied pressure, a return spring is placed around the foil. The foils were pre-shaped in a bellows by contracting a heat-shrink tube over a mould. Prototype actuators with an outside diameter of 1.8 and 3 mm were developed, and forces up to 3.2 N were observed as well as strokes up to 8.5 mm at a pressure of 600 kPa. Alternatively, Boden et al [119] developed piston-cylinder actuators that are actuated by melting paraffin ( figure 2(12) ). In their design, the driving paraffin is encapsulated hermetically with rubber and placed inside the cylinder, which can be heated resistively. When the paraffin is molten it expands and pushes the piston out, while the rubber foil prevents the wax from leaking outside the actuator. The total size of the actuator is 8 mm long and 2 mm in diameter. The actuator shows a displacement of 140 μm at a counterforce of 2.7 N.
Moreover, hermetic seals have also been realized using lithographic processes: bellows-shaped seals have been combined with clearance seals for application in micro combustion engines [120] . The devices are made in SOI wafers with a 100 μm [121] or 500 μm [122] device layer using ICP-RIE. Displacements in the millimeter range were obtained at 150 kPa, and the devices were successfully applied as a power generator that delivered 29 mW mechanical power [122] . Although in this design the bellows is mainly used as a return spring, similar actuators using leak tight bellows could be conceived. No other lithographic processes for the fabrication of hermetic seals were found; however, for instance Shikida et al [123] reported on a process for the fabrication of S-shaped films that could be implemented as hermetic seals for pneumatic actuators.
Liquid seals
The last type of microseal described here is based on liquid seal materials. The implementation of these seals is usually comparable to that of rubber O-rings, but the seal ring is now liquid instead of solid [124] . Unlike contact seals, the liquid nature of these seals allows them to adjust their shape to production errors on the piston or the seal house without influencing the friction or the leakage of the seal. A second important advantage is that this seal technology allows reducing the leakage to zero. In addition, the use of a liquid seal avoids the solid-solid contact between the seal and the moving piston, hereby reducing friction and seal wear. A disadvantage of these seals is that it is difficult to operate them at high pressures. Different types of liquid seals can be distinguished based on the physical law that sustains the seals: surface tension seals [124] , ferrofluid seals [125] and centrifugal seals [96] . The latter have however not been implemented in microsystems yet and will therefore not be discussed here.
Seals based on surface tension have been developed for large-scale precision flow sensors [126, 127] . The oldest patent on a mercury-based surface tension seal goes back to 1960 [126] . These devices rely on a seal ring made of a high surface tension liquid (typically mercury) locked in a hydrophobic circular cavity. Surface tension is particularly interesting for sealing microdevices, because scale laws predict that surface tension is one of the strongest forces at microscale [60] . Wapner et al [128] performed experiments on mercury-based piston-type microdevices ( figure 2(17) ). In their design, the mercury is used to drive a small plug inside a capillary tube (diameter 250 μm) and the device relies on its surface tension to avoid leakage past the plug. However, no actuation results were reported. Instead of using mercury as driving fluid, De Volder et al [124, 129, 130] proposed a gallium-based seal where the seal liquid is confined to a small circular cavity at the extremity of the cylinder (see figure 2(16) ). A first prototype was able to seal pressures up to 90 kPa without leakage using undercooled gallium as seal liquid [124] , in a follow-up paper, the seal pressure was enhanced to more than 800 kPa with a pressure divider [131] . The latter combines a surface tension seal with a clearance seal and allows us to drastically increase the seal pressure while retaining leak-free operation. A prototype actuator with a piston diameter of 1 mm and a length of 12 mm was able to generate a stroke of 8 mm and a force of 0.35 N at 800 kPa.
Piston-cylinder microactuators sealed by surface tension have also been realized using lithographic methods. Sniegowski et al developed the smallest existing pistoncylinder actuator with a piston height of 2 μm and a width of 6 μm [4] . The device is shown in figure 2 (15) and is fabricated using a two-level polysilicon process using sacrificial oxide.
The closed end of the cylinders contains a small amount of water that is heated by electric current to vaporize and push the piston out of the cylinders. Surface tension of the water between the piston and the cylinder prevents the vapour bubble from leaking. At the same time, capillary forces then retract the piston once the current is removed. Strokes up to 20 μm, and theoretical forces in the range of 1 μN are reported, which are more than two orders of magnitude above the performance of electrostatic comb drives with the same dimensions [4] . Papavasiliou et al developed a slightly larger, but similar piston-cylinder device [132] [133] [134] [135] . Their process is based on DRIE etching of an SOI wafer; these devices are shown in figure 2(14) . The piston is 100 μm wide and 73 μm high [132] . The piston was employed to open and close a liquid valve and was driven successfully by an integrated bubble generator pump.
Liquid seals can be sustained by surface tension as described above, but also by trapping a ferrofluid in a ring shape using a magnetic field [125, 136] . Such a seal was implemented in an actuator with a piston diameter of 1 mm (see figure 2 (13)). The actuator was fabricated by micromilling and μEDM, while the seals consist of permanent magnets fabricated by laser micromachining. The initial seal pressure was 130 kPa and was boosted up to more than 1 MPa using in pressure divider similar to the one described above [137] . Actuation forces of 0.65 N were achieved at 1.4 MPa together with strokes up to 77% of the actuator length.
Drag-based fluidic microactuators
All the actuators described above rely on the direct action of a pressure difference over an elastic component or a piston as driving means. However, other physical principles can be used to drive microsystems using pressurized fluids. A good example of an alternative approach is drag-based fluidic actuators where viscous forces generated by a gas or liquid flow are used to drive the actuator. A specific advantage of drag-based actuators is that the driving flow can also be used as bearing for the moving component, hereby resulting in friction-free smooth operation.
A large number of interesting drag-based microactuators relying on ECF-jets have been developed by Yokota et al and ECF are dielectric fluids such as for instance dibutyl decanedioate (DBD) that create a jet flow when they are subjected to an electric field. A more detailed description of this electro-hydrodynamic effect is provided in [2, 93, 138] . Several actuator configurations have been proposed by the authors, one of the proposed geometries consists of a rotational actuator with a cylindrical stator and a rod-shaped rotor on which electrodes have been machined [2] . If the space between the stator and the rotor is filled with an ECF, the electrodes machined on the actuator can be used to generate a jet flow along the circumference of the rotor. This jet flow generates a drag force that makes the rotor turn. The piston is made out of machinable ceramic on which a conductive layer is plated and formed by laser ablation. The inside diameter of the stator is 2 mm, the maximum output torque is 8 μNm, the maximum output power about 0.6 mW and the maximal rotational speed is 140 rad s −1 . Of particular importance is that these actuators scale favourably upon miniaturization. For outside diameters below 3 mm, the power density of these actuators exceeds that of commercial electromagnetic micromotors [2] . Other rotational actuators based on the ECF principle have been described in [139] .
A drag-based microactuator array for distributed micromotion made by lithography was already published in 1993 by Konishi et al [140] . This system consists of active nozzles that can be oriented by electrostatic actuation. The air flow from the nozzles can levitate and convey objects. The production process of this actuator is based on SOI wafers. On a surface of 2 mm by 3 mm, nine rows of seven actuators have been fabricated. A piece of silicon with a surface of 1 mm 2 and a thickness of 300 μm has been transported by a supply pressure of 2 kPa and a control voltage of 90 V. The levitation of the piece of silicon was approximately 60 μm. The positioning capabilities of the actuator were validated experimentally, but no speed or traction measurements were reported. Similar actuation devices were reported by the same research group in [141] . A few years later, Hirata et al presented a linear pneumatic drag-based actuator fabricated by combining several production techniques such as μEDM and etching [142] . The actuator comprises inclined driving nozzles that levitate and actuate a slider. Typical slider speeds of 40-50 mm s −1 and driving forces of 20 μN are achieved at a flow rate of 0.8 l min −1 . Special attention was paid to the patterning of the sliding surface in order to optimize the driving speed. The stroke of the actuator is 20 mm and the outer dimensions of the actuator are 20 by 30 by 2.2 mm 3 . In the above actuators, the driving flow is generated in the stator; alternatively, the driving flow can be generated on the moving part. This typically results in devices with a long travel range such as miniature boats. A microboat driven by electrohydrodynamic wetting was proposed by Wang et al [143] . This device consists of gold comb electrodes sandwiched between two parylene layers. Due to its hydrophobic properties parylene floats on water, and with a driving voltage of 30-40 V, these devices achieved a speed of 6.5 mm min −1 . Visvanathan et al developed a similar device relying on thermal Marangoni flow [144] . This design comprises six legs floating due to surface tension. Each leg is 300 μm wide and 10 mm long and can theoretically generate 0.638 mN. Linear velocities of 4.4 mm s −1 were achieved as well as rotational velocities of 0.2 rad s −1 . Interesting microboats using microscrew propellers [145] or limbs actuated by piezo-electric [146] and polymer actuators [147] were also reported.
Finally, we want to emphasize that the above overview on fluidic actuators is not exhaustive. In this review, we will for instance not discuss methods for droplet actuation [148, 149] nor microrockets [150] and microturbines [151, 152] .
Discussion

Comparison of fluidic actuator technologies
The actuation properties of some of the above actuators have been summarized in figure 3 . Only a few papers report on the stroke, force and actuation speed. In particular, the publications on the smallest actuators usually only report stroke measurements. The following conclusions can be drawn from figure 3. Figure 3 shows that elastic actuators are usually limited to smaller strokes or strains (stroke/length) than piston-cylinder actuators. Their force output is also smaller, except for the McKibben actuators. On the other hand, elastic actuators are easier to fabricate, which is reflected in smaller device dimensions. Within the group of elastic actuators, studies have shown that bellows-type actuators achieve larger strokes than membrane actuators of the same footprint [71] . The higher the number of bellows stacked, the higher the stroke. This is however limited by the production requirements and buckling issues with long, thin bellows. Finally, artificial muscles like McKibben actuators are able to achieve the highest force densites recorded for all pneumatic actuators. However, their stroke is limited to less than 21% of the actuator length, and they are almost impossible to fabricate by lithography, which limits their scalability.
Elastic actuators.
Piston-cylinder actuators.
Piston-cylinder actuators are more difficult to fabricate than most elastic actuators and can suffer from leakage. Also friction is a major concern for piston-cylinders as they are scaled down; however, a few authors have implemented interesting designs where the piston is for instance supported by leaf springs [4] . A last major difference between piston-cylinder and elastic actuators is that the former usually operate in plane, while the latter are actuating out of the wafer plane. Some exceptions are of course possible [72] , but in general this is an important factor in the selection of the actuator type. Based on our own developments in piston-cylinder actuators [3, 84, 95, 97, 101, 102, 124, 131, 137] , the authors developed a selection chart for seal technologies in piston-cylinder microactuators shown in figure 4 . Although this graph is subject to changes depending on the implementation of the seal technology, it provides a first guideline in the selection process.
Selection of the driving fluid
The selection of the driving fluid is of course also an important parameter in the actuator design. The main difference between hydraulic and pneumatic systems is the high compressibility and low viscosity of air in comparison with hydraulic fluids. In microchannels, pressure losses due to viscous flow can be very important and can therefore influence the selection of the driving fluid. A second important issue is that hydraulic actuators usually allow us to position more accurately. This is due to the fact that hydraulic fluids are less compressible, that they have lubricating properties and because they show less overshoot due to the damping of the hydraulic fluid. On the other hand, pneumatic actuators allow fabricating compliant systems with a controllable stiffness which are particularly interesting for microrobotics. Although of less importance for microsystems, pneumatic systems have the advantage of being lighter than hydraulic systems. In addition, the risk of leakage should be taken into account, which can be caused by either a rupture or leaky seal technology. If the actuator is for instance surrounded by electronic or mechanical sensitive components, leakage of air is usually less detrimental than that of hydraulic fluids. The other way round, it is more interesting to drive actuators by physiological water than pressurized air in the case of for instance minimally invasive surgery or implantable microsystems.
Finally, also the generation of the actuating pressure plays an important role in the selection of the fluid. As described throughout this review, many of the developed microactuators comprise an integrated pump or valve to generate or control the actuating pressure. Most of these devices are based on very specific fluids that need to be used throughout the entire system, such as for instance liquid crystals in the case of liquid crystal valves [153] , paraffin in the case of paraffinbased thermal expansion actuators, water in the case of pumps based on steam generation, and so on.
Opportunities and limitations of hydraulic and pneumatic microactuators
It is of course interesting to investigate how hydraulic and pneumatic actuators compare to actuators used more commonly in microsystems such as electrostatic and thermal actuators. One prominent property of fluidic actuators that always comes forth in these comparisons is their high force output. Sniegowski et al [4] reported a comparative calculation, based on equal cross-sectional area and operating voltage, between a piston-cylinder actuator driven by resistive heater and a comb-type electrostatic actuator. He found output force increased by a factor of more than 150 using the pistoncylinder actuator. The same result was also confirmed for millimeter scale actuators by Peirs et al [154] , showing that hydraulic actuators outperform SMA actuators in terms of work density. Binnard et al [115] compared the force and power output of hermetically sealed miniature piston-cylinder actuators to a commercial electromagnetic motor and found a 440% increase in force per weight and a 1400% increase in power per weight output using pneumatic systems. While the above studies are based on linear fluidic actuators, Yoshida et al published similar results comparing rotative drag-based actuators with dc motors [155] . This study shows that for actuators with diameters below 3 mm, drag-based actuators have a better performance in terms of power per volume density. Suzumory et al reported increasing the output torque of a miniature electromagnetic motor with a factor 20 by using a pneumatic wobble motor of the same size [156] .
In figure 5 , we compare the force density of a few elastic and piston-cylinder actuators with other thermal and electrostatic MEMS actuators. As discussed above, hydraulic actuators are probably able to generate some of the highest reported force densities, especially in the case of piston-cylinder actuators. Nevertheless, there are also several limitations related to the implementation of hydraulic microactuators, one of the most important being the need of pressure generators and regulators. Basically there are two main approaches to handling these issues. The first uses onchip integrated pumps, while the second uses external pressure sources.
Inegrated on-chip pumps or valves.
Within this first approach, we can distinguish systems having a separate pump for each actuator [4] and systems with a centralized pump connected though valves to several actuators [86] . Although the latter approach is by far the most commonly used in largescale hydraulic and pneumatic systems, this is not the case in MEMS devices where we often see that each device is equipped with its own pump. There are several explanations for this strategy. First of all, due to the 2D topology of microchannels on a wafer, it is less trivial to connect a large actuator matrix to a central pumping unit. Second, in the case of a central pump, each actuator needs to be equipped with its own microvalves that allow controlling the pressure of the actuator accurately. The fabrication of these valves is almost as difficult as building a pump. Also, in terms of footprint, small pumps such as those based on the melting of paraffin can be integrated into the actuator resulting in devices that are more footprint efficient than those connected through long tubes to a central on-chip pump.
Although the need of a pressure supply is a disadvantage, surprisingly many micropumps and valves have been developed as shown throughout this review. Unlike in largescale systems, micropumps or valves are often integrated into the microactuators, resulting in very compact smart microsystems. Most of the integrated pumps are based on an electrical microheater that generates a thermal expansion [20, 66, 71] , the melting of paraffin [32, 33, [33] [34] [35] [36] [37] 119] , or evaporation [4, [41] [42] [43] [44] . Other commonly used micropumps are based on electrochemical processes [69, 70, 99, 133, 134] , on active liquids such as ECF [2, 61, 62, 93, 94, 138, 139] or piezoelectric systems [79, 60, 146] . While most of the above mechanisms are based on a transformation of electrical power into pressure, other pressure generators have been developed that are for instance using temperature gradients, osmotic pressure, or flow oscillators to drive the actuators without requiring electrical power [31, 100] . For a more elaborate review of micropumps we refer to [157] , and for microvalves to [5] .
External pumps or valves.
It should be noted that in a lot of applications, such as in process automation and minimally invasive surgery, relatively large pressure supplies can be located outside the microsystem. Microtubes and dedicated interconnection techniques are then used to connect the macroscale pumps to the microscale actuators. These interconnections are very critical and have been discussed in several papers on microactuators, as well as other fluidic microsystems [137, [158] [159] [160] . In comparison to electrical actuators that also typically rely on large power supply located outside the microsystem, the main disadvantage of fluidic microactuators is that there is no standard equipment such as wire-bonders or probe stations for the connection and testing of hydraulic microactuators. Standardization of tubing and the miniaturization of quick-fit interconnects [161] that can operate at high pressures are vital in order to ease the introduction of these microactuators in industrial environments. Also finding large valves that allow us to fully take advantage of the high bandwidth of microactuators is difficult as well as finding large valves that can control extremely low flow rates. Therefore, most microactuators connected to a large-scale valve and pump operate with pressure rather than flow control [84, 97] . It is interesting to note that this approach using large-scale valves still allows sub-micrometer positioning resolution [84, 95] .
Applications of hydraulic and pneumatic microactuators
Throughout the papers discussed above, myriad applications for hydraulic actuators have been suggested and implemented as summarized in table 1. The applications can be divided into the following categories.
μfluidics and bio-MEMS.
Obviously, hydraulic and pneumatic microactuators are applied in all kinds of microfluidic systems as well as μTAS, where they are used to control, mix and pump fluids [1, 5, 8, 10, 23, 25, 119, 132, 157, 167, 168] , to stabilize and control flows [5, [162] [163] [164] [165] or to trap and sort cells [166-169, 11-15, 55, 166, 164] . The success of pneumatic and hydraulic actuators in these applications is due to the compatibility of these devices with soft lithography processes such as PDMS moulding that allow integration of these actuators in complex fluidic systems at a very low cost [1] . The latter is crucial for moving this technology to for instance point ofcare diagnostics and high throughput biomedical assays and screening techniques [23, 27, 28] . Thorsen et al [25] reported Pneumatic mirror tilting or focussing [30, 171] on how PDMS microfluidics offers the possibility of solving system integration issues in biology and chemistry in a similar way as the silicon semi-conductor industry solved assembly issues in electronics. Besides their low production cost, fluidic microactuators have the advantage of not using any electrical voltage, magnetic field, or heat that might influence biological cells or chemical processes. Further, the compliancy of elastic actuators makes them ideal for handling sensitive cells and organisms. Reports of pneumatic actuators used in μTAS or lab-on-a-chip applications are numerous, ranging from stem cell research [15, 27] , to precise and complex handling of cells [170] .
Inspection robots.
Medical endoscopy [60, 74] , inspection in industrial plants [6, 156] and military reconnaissance tasks [85, 86] require compact robots that are able to perform complex tasks. Suzumori et al [156] and Yoshida et al [6] developed hydraulically driven robots for inspecting pipes in power plants, chemical plants and heat exchangers. Similarly, endoscopic tools [60, 74] and miniature military scouting devices [85, 86] driven by miniature hydraulic actuators were demonstrated and proven to be highly efficient. In these applications, the main benefit of hydraulic actuators is their ability to achieve extremely high force densities (>1 N mm −2 ), large strains (>75%) and actuation velocities (>1 m s −1 ).
Process automation.
Small actuators that can generate large forces also find applications in process automation. Currently, companies such as Festo and Norgren [110, 111] sell millimetre-sized pneumatic actuators for assembly of small devices and testing of hand-operated devices such as numerical pads. These commercial devices are several millimetres long and can deliver forces of a few newtons. It is believed that also much smaller hydraulic and pneumatic actuators will find applications in the handling of small components. This is reflected in the development of a large number of fluidic microgrippers [53-57, 72, 73] and conveyance systems [52, [140] [141] [142] . Further, elastic microactuators have been implemented in production systems as tunable moulds [29] and microfactories [79] .
5.4.4.
Minimally invasive surgery. Microrobots used for minimally invasive surgery need powerful actuators for operations such as cutting, holding and removing tissue as well as for the positioning of the robot inside the human body. For both tasks, hydraulic microsystems driven by physiological water can provide a solution [74] . Different publications show how fluidic actuators can be used in colonoscopes [60, [112] [113] [114] , boroscopes [92] , forceps [77] , neuro-surgery tools [65] , active catheters [66, 75, 76] and neural probes [68] . Unlike electrostatic and piezoelectric actuators or electroactive polymers, no voltage is needed to drive the actuators. Also no high temperatures are needed which is an advantage over thermal, bi-metal and shape memory alloy actuators. Finally, in neurosurgery and cardiac surgery, the electromagnetic fields generated by electromagnetic microactuators are highly undesirable. In the case of medical applications, elastic actuators are particularly interesting since they are compliant and lose their rigidity when unpressurized, which eases the removal of the medical tool from the patient [74] . For instance, Okayasu et al [65] developed a hydraulic tool for neuromanipulation that was tested on pigs. The authors describe that small leaks of the driving fluid (physiological water) help lubricate the surgical tool. Also in other medical tools, leaks of driving fluid are often acceptable since the wounds are rinsed with physiological water during the intervention. For a more detailed discussion of the application of fluidic actuators in flexible medical tools and typical specifications required for these applications, we refer to the review paper by De Greef et al on this topic [74] .
5.4.5.
Prostheses, humanoid and service robots. These applications also require several degrees of freedom and high actuation forces in a confined volume. In the case of hand prostheses, a pump or a pressure vessel can be integrated in the lower arm prosthesis to provide pressurized fluid to the actuators that are spread over the fingers. For instance, Shadow robot company [90] developed a hand prosthesis with pneumatic McKibben actuators that are integrated in the arm of the prostheses, while Lee et al [91] integrated these actuators in the fingers of an artificial hand. McKibben actuators are probably selected here because they are compliant and can deliver extremely high force densities (a 1.5 mm diameter actuator can deliver 6 N [84] ). Although these applications are relying on millimetre-sized actuators, the group of Konishi et al reported in several papers how microhands can be fabricated using balloon microactuators [53] [54] [55] .
Several other applications of pneumatic microactuators in MEMS devices have been reported, such as microoptics [30, 171] , tactile displays [26] , active photomasks [172] , power-MEMS [107, [120] [121] [122] , space applications [150] and many more. However, especially in the case where the actuators are integrated on-chip, special precautions need to be taken, for instance to interface the electronics with the pressurized liquids as discussed above, and we anticipate that this is a field where still a lot of developments will be required in order to compete with for instance electrostatic actuation.
Conclusions
Throughout the past 20 years, numerous hydraulic and pneumatic microactuators have been developed. This review provides an overview and classification of these actuators based on their actuation principle. To date, especially membrane actuators have been extensively investigated and applied in for instance μTAS. The less commonly used pistoncylinder microactuators can achieve higher strokes and force densities at the cost of a more complex fabrication process. Recent trends show increasingly complex hydraulic actuation systems comprising integrated pumps, valves, position sensors and also large arrays of actuators.
In comparison to other actuation principles, pneumatic and hydraulic systems offer clear advantages in applications that require low cost, compliant or high force actuators. The main fields of application include μTAS, tools for minimally invasive surgery and microrobotics.
